Abstract: Studies have indicated that exon and intron size and intergenic distance are correlated with gene expression levels and expression breadth. Previous reports on these correlations in plants and animals have been conflicting. In this study, next-generation sequence data, which has been shown to be more sensitive than previous expression profiling technologies, were generated and analyzed from 14 tissues. Our results revealed a novel dichotomy. At the low expression level, an increase in expression breadth correlated with an increase in transcript size because of an increase in the number of exons and introns. No significant changes in intron or exon sizes were noted. Conversely, genes expressed at the intermediate to high expression levels displayed a decrease in transcript size as their expression breadth increased. This was due to smaller exons, with no significant change in the number of exons. Taking advantage of the known gene space of soybean, we evaluated the positioning of genes and found significant clustering of similarly expressed genes. Identifying the correlations between the physical parameters of individual genes could lead to uncovering the role of regulation owing to nucleotide composition, which might have potential impacts in discerning the role of the noncoding regions.
Introduction
The uniqueness of living organisms is dependent not only upon the suite of genic material available to them but also upon the subtleties of gene expression patterns. Some genes have a narrow breadth of expression and are expressed in only a single tissue, while other genes are more broadly expressed in many tissues. Some genes produce very little transcript while others are veritable gushers of message. The underlying mechanisms controlling these differences in expression patterns are often attributed to regulatory factors at the genic level. However, the control of gene expression may also have components related to gene structure or genomic context.
Previous studies have revealed striking differences in the structural properties of genes with a narrow expression breadth vis-à-vis in comparison with genes with a broad expression breadth. Differences in gene structure were also observed between genes with high and low levels of expression. In humans, high expression level correlates with smaller protein product, less intronic DNA, and greater codon and amino acid biases (Urrutia and Hurst 2003) . A negative relationship between expression level and protein length was also found in Saccharomyces cerevisiae (Coghlan and Wolfe 2000) . In addition to increased levels of expression correlating with a decreased protein size, a negative relationship between expression breadth and protein and intron length also was identified in humans (Vinogradov 2004) . In mouse and rat, as expression breadth increases, the intron size and intergenic region lengths also decrease (Pozzoli et al. 2007 ). Three hypotheses have been proposed to explain these relationships: natural selection for economy, mutational bias, and genome complexity (Vinogradov 2006) .
The ''natural selection for economy'' argument suggests that highly expressed genes are smaller as a result of selected deletions. The implication of this hypothesis is that genes highly expressed will be less ''costly'' if minimized in size (Eisenberg and Levanon 2003) . The ''mutational bias'' hypothesis also contends that intron length of highly expressed genes decrease as expression levels increase. It is proposed that this negative relationship is caused by regional transcription-associated deletion. In Drosophila, an increase in intron length was correlated with a decrease in GC content but was not correlated with a change in the number of functional elements of the coding regions. This evidence supports mutational bias rather than natural selection for economy (Haddrill et al. 2008) .
The ''genome complexity'' hypothesis maintains that the size variation of genic and intergenic regions is based upon the intricacy of the gene where those with more complex structures require more regulatory elements for nucleosome formation. In mouse and rat, for example, more chromatinregulated suppression (large intergenic regions) is required for genes expressed in just one tissue, whereas the more ubiquitous genes are smaller and are located in more compact regions (Chen et al. 2005) . As a consequence, as a gene's complexity increases, it's intron length, coding, and intergenic regions would be predicted to increase.
When these hypotheses were tested in plants, contradictory results were found for both Arabidopsis and rice. Genes expressed at a high level were found to have more and longer introns and a longer primary transcript than those genes expressed at a lower level (Ren et al. 2006) . In a different study, genes expressed in the male gametophyte in Arabidopsis at high levels were found to have less intron density than genes expressed exclusively in the sporophyte at lower levels. This observation indicates support for the natural selection for economy hypothesis of gene evolution (Seoighe et al. 2005) . In another study, Arabidopsis genes with a broad expression breadth were found to have larger transcripts than those with a smaller breadth of expression, while genes with a high expression level were found to have smaller transcripts than those with a lower expression level (Camiolo et al. 2009 ).
In many of these reports, either expression level or expression breadth was studied independently. In an attempt to resolve these inconsistencies and to determine which of the contrasting patterns are evident in the soybean genome, we combined both factors and looked at expression intensity in conjunction with expression breadth. Our results revealed an intriguing pattern of genic and genomic physical parameters associated with expression intensity and expression breadth.
Materials and methods

RNA extraction, isolation, and purification
Soybean seeds (experimental line LD0-15146) were grown in conditions that mimicked Illinois field growing conditions as specified in Severin et al. (2010) .
Briefly, tissue samples were taken from a minimum of three plants for each extraction and harvested at approximately 1400 h. Tissue samples were collected from 14 tissues: root, nodule, flower, young leaf, one cm pod, seven stages of seed development, and two stages of pod-shell development. The stages in seed development include 10 days after flowering (DAF), 14 DAF, 21 DAF, 25 DAF, 28 DAF, and 42 DAF. The stages of pod-shell development include 10 DAF and 14 DAF. Root tissue was harvested after 12 days and nodules were harvested 20-25 days after inoculation. Standard RNA isolation and purification was performed according to Severin et al. (2010) . Samples were ground by mortar and pestle with liquid nitrogen and the RNA isolation was done using a modified TRIzol (Invitrogen, Carlsbad, California, USA) protocol. A digest with on-column RNase-free DNase (QIAGEN, Valencia, California, USA) was used to remove the DNA. The RNA was purified and contentrated using a RNeasy column (QIAGEN).
Next generation Solexa sequencing of the RNA samples was performed at the National Center for Genome Resources (Santa Fe, New Mexico, USA). The Solexa software was used to analyze the 36 bp short-reads for image analysis, base-calling, quality filtering, and per base confidence scores. Sequences were aligned with GSNAP (Wu and Nacu 2010) using the default settings against the 8Â soybean genome sequence assembly. The short read alignments were filtered for alignment with no more than two mismatches or one indel. The uniquely mapped reads that passed our filtering criteria were normalized using the reads per kilobase per million method (Mortazavi et al. 2008; Nagalakshmi et al. 2008) where the length corresponded to length of the cDNA for the longest splice variant for a par-ticular gene model. A summary of the short read alignments can be found in Table S1 . 2
Structural parameters of genes
To obtain our genomic data, we used the version of the soybean genome available from SoyBase.org [accessed 25 August 2009] . The splice variants and gene models were as reported by Schmutz et al. (2010) . For gene models with alternative splicing variants, we used the variant with the longest mRNA. To determine the intergenic region, we counted the distance between the end of the 3' region to the beginning of the next 5' region. Given two overlapping genes, we counted the intergenic region to the left for gene A. If gene B overlapped and extended beyond gene A then the intergenic region to the right would be counted and annotated to gene B but not to gene A. If gene B was encompassed within gene A, we counted the intergenic region around gene A and annotated the distance to gene A and no intergenic region was counted for gene B.
To ensure that a tissue bias did not skew our results, we also ran the same analyses with data from Libault et al. (2010) , a study independent from ours. We used their normalized data found at http://digbio.missouri.edu/ soybean_atlas. All correlation analyses described in our study were also conducted on the Libault et al. dataset. Their tissues included root hairs isolated 12, 24, and 48 h after inoculation and mock inoculation and a sample of stripped roots from 3-day old seedlings. Other tissues included apical meristem, flower, green pods, leaves, nodules, root, and root tip.
Gene expression
After normalization, we removed genes that did not have a total transcript count of at least two. For our analysis, 43 353 gene models out of the 66 210 total gene models were considered expressed. The relationship between the various structural parameters and expression breadth and expression intensity were quantified using a Pearson's parametric correlation (r).
Expression level was categorized as low (transcript count of at least two and no more than nine in a specific tissue), intermediate (transcript count between ten and forty-nine), or high (transcript count of fifty or greater). The number of genes in each expression group at each level of expression breadth is included for both the Severin et al. (2010) analysis (Table S2 ) and the Libault et al. (2010) analysis (Table  S3 ). Also included is the percent of pericentromeric genes in each group. Pericentromeric and euchromatic regions were determined by the coordinates found at SoyBase.org. If a coordinate was found in the middle of the gene, the gene was counted as a pericentromeric gene. All correlation analyses done specifically on pericentromeric or euchromatic genes were done as described for the Severin et al. dataset.
GC content
The data for the GC content and exon lengths were acquired from the Glyma1.gff file on Soybase (SoyBase.org) documented as the ''gene models'' track (Glyma 1.01 genome assembly). We analyzed the first, internal, and last exons separately. If exon length is different because of ATbiased mutations leading to a gain of stop codons and thus a shortening of the transcript, then a significant difference in GC content of those longer transcripts should be primarily found in the last exon (Xia et al. 2003) . The average percent GC content was used for genes with multiple internal exons. To ensure that genes with no introns were not significantly biasing our data, we analyzed intronless genes separately. Taking out the intronless genes did not significantly affect the results. However, genes without introns were quite different than genes with introns and are included in the results. The Mann-Whitney U two-sample rank-sum test (Mann and Whitney 1947) was performed on individual categories. We used the exact procedure because the asymptotic variant increases the probability of a type I error (Neuhäuser 2005) . The expression categories had various sizes with varying distributions, but the nonparametric Mann-Whitney U test will account for both factors and will generate a robust measurement provided there are sufficient sample sizes. Our sample sizes were consistent with the recommended size as noted by Siegel and Castellan (1988) .
Physical clustering
The recently completed whole-genome sequence of soybean (Schmutz et al. 2010 ) allowed us to develop statistical parameters by modeling a random distribution of the number of genes in each of our categories by taking into account the actual distribution of the gene models in the genome. We then determined the actual position of each of the genes in our categories.
If the number of genes actually located in our designated bins exceeded the simulated data by three standard deviations, we considered the genes to be clustered. With this method, only gene models were used in the simulation. Clustering along the soybean genome was determined by an in-house script (Table S4 ) that was written in the programming language R (R Development Core Team 2005). The approximated pericentromeric and centromeric regions were based on positions found at SoyBase.org. This clustering algorithm, by using gene models, accounted for variations in gene density.
Results
To capture genomic structural parameter differences associated with patterns of gene expression, we first allocated expressed genes into low, intermediate, or high expression intensity categories. The genes were further categorized based upon expression breadth, where the latter was the number of tissues in which they were considered expressed, from 1 to 14.
Genic and intergenic physical parameters
The total exon length (sum of the length of all exons in the gene) and the total intron length (the sum of the length of all introns in the gene) significantly increased across breadth of expression for genes in the low expression group (nine transcripts or less) (r = 0.95, P <0.01; Fig. 1A and r = 0.93, P <0.01; Fig. 1B, respectively) . Inversely, total exon and total intron length (r = -0.88, P <0.01; Fig. 1A and r = -0.78, P <0.01; Fig. 1B , respectively) decreased across expression breadth in genes that were highly expressed (fifty transcripts and over). Those genes in the intermediate expression group (ten to forty-nine transcripts) showed no correlation between total exon length or total intron length and expression breadth (r = -0.41, P <0.05; Fig. 1A and r = -0.36, P <0.05; Fig. 1B, respectively) .
A previous study reported that highly expressed genes experience selective pressure for smaller transcripts (selection for economy hypothesis) (Li et al. 2007) . Our data only partially supports that conclusion. We found that, for highly expressed genes, the total exon length and average exon length significantly decreased as the number of tissues in which expression was detected became greater (r = -0.88, P <0.01; Fig. 1A and r = -0.71, P <0.01; Fig. 1C, respectively) . Thus, our data only partially support the hypothesis as it was true only when the genes were expressed in multiple tissues, but the hypothesis did not hold true for tissue-specific genes. Interestingly, genes with a low expression level showed a significant increase in the total exon length and the average number of exons per gene (r = 0.95, P <0.05; Fig. 1A and r = 0.95, P <0.05; Fig. 1D , respectively) as they were expressed in more tissues. Genes expressed at the intermediate expression level showed no significant change in their total exon length, average exon length, or average number of exons across expression breadth (Figs. 1A, 1C , and 1D).
These results present several interesting observations. The increase in total exon length and total intron length across expression breadth for genes with low expression levels appears to simply be due to an increase in the number of exons and introns per gene, respectively (Figs. 1A, 1B, and 1D ). On the other hand, because no change in the average number of exons is noted for genes expressed at high levels, the decrease in total exon length across expression breadth appears to result from an actual decrease in the size of the individual exons (Fig. 1C) . Thus, highly expressed genes have smaller transcripts only when they are constitutively or nearconstitutively expressed, whereas genes with low levels of expression have smaller transcripts when they are tissuespecific or near-tissue-specific, but have vastly larger transcripts as they are constitutively or nearly constitutively expressed.
The mean distance between intermediately and highly expressed genes decreased significantly as those genes became more broadly expressed in all tissues (r = -0.81, P <0.01 and r = -0.71, P <0.01, respectively, Fig. 1E ). But genes with low levels of expression showed no significant change in intergenic length across expression breadth (Fig. 1E) . Intergenic distances were not detectably different among expression categories when the genes were tissue or neartissue-specific (data not shown). Thus, distance between genes is only significantly different for intermediate and highly expressed genes, and only when they are broadly expressed.
To avoid possible tissue bias, we repeated the same analysis with next-generation sequencing data generated by Libault et al. (2010) For genes expressed at the low level, an increase in expression breadth correlated with an increase in total exon length (r = 0.73, P <0.01; Figure S1A ) 2 and total intron length (r = 0.96, P <0.001; Figure S1B ). Highly expressed genes decreased in total exon length (r = -0.84, P <0.001; Figure S1A ) and total intron length (r = -0.78, P <0.001; Figure S1B ) as the expression breadth increased. At the low expression level, the number of exons positively correlated with expression breadth (r = 0.89, P <0.001; Figure S1C ) while at the high expression level the number of exons negatively correlated with expression breadth (r = -0.90, P <0.001; Figure S1C ) similar to that found in our analysis. For all expression levels, the average exon size significantly decreased in the Libault et al. samples: low expression (r = -0.81, P <0.001; Figure S1D ), intermediate expression (r = -0.57, P <0.05; Figure S1D ), and high expression (r = -0.57, P <0.05; Figure S1D ). A significant decrease in intergenic length was only apparent at the highest expression level (r = 0.56, P <0.05; Figure  S1E ).
It is known that the pericentromeric regions of chromosomes have reduced recombination rates. Soybean is unusual in that it has extremely large pericentromeric regions (Schmutz et al. 2010) and to eliminate bias from this region, we performed the same analyses using genes from only the euchromatic region and then from only the pericentromeric region. Interestingly, when the genes in the euchromatic region were analyzed alone, the correlations between expression characteristics and genic parameters in the two data sets were remarkably similar (Table 1 ) and were consistent with our previous results. Fewer significant correlations were found in genes within the pericentromeric regions (Table S5 ).
GC content
To determine if differences in GC content were associated with patterns of gene expression, we divided all expressed genes into a set of 2 Â 2 factorial categories. The four categories included (i) genes that had low expression levels (one to nine transcripts) and also were narrowly expressed (one tissue only), (ii) genes that had low expression levels and also were broadly expressed (expressed in all 14 tissues), (iii) genes that had high expression levels (fifty or more transcripts) and also were narrowly expressed, and (iv) genes that had high expression levels and also were broadly expressed . We made comparisons in all directions. When considering GC content we examined the first exon in a gene, the average GC content of all internal exons, and the GC content of the last exon in a gene. We also considered the average GC content of all genes in each category with no introns independently (Figs. 2A, 2B, 2C, and 2D) .
With a single exception, broadly expressed genes had a significantly higher GC content in all exons (start, middle, and end) than did narrowly expressed genes (Figs. 2A, 2B , and 2C). The one exception, genes with low expression (nine or fewer transcripts), for which the average GC content of all middle exons was significantly greater for narrowly expressed genes than for broadly expressed genes. In all comparisons GC content of exons of highly expressed genes were greater than that of genes with low expression. This was observed regardless of whether genes were broadly expressed or narrowly expressed. The same pattern was seen in GC content of genes with no introns; broadly expressed genes had a higher GC content than narrowly expressed genes, and highly expressed genes had a higher GC content than genes with low expression (Fig. 2D) .
Physical clustering
To examine whether genes exhibiting unique patterns of expression were physically clustered along the genome, we again considered the four categories described above. We established our statistical parameters by a modeling process that randomly placed the number of genes in each of our categories into annotated gene models as they were distributed across the genome. This enabled us to take into account Table 1 . Correlations between expression breadth and physical parameters for genes in the euchromatic regions for both Severin et al. (2010) and Libault et al. (2010 Genes expressed with a transcript count of ten to forty-nine. c Genes expressed with a transcript count of fifty or over. differences in gene density within the genome. We conducted 1000 iterations of this process and then evaluated the results from genomic bins of 100 Kb. We then determined the actual positions of each of the genes in our categories. If the number of genes located in our designated bins exceeded the simulated data by three standard deviations, we considered the genes to be clustered.
More clusters of tissue-specific narrowly expressed genes were found than constitutively broadly expressed genes regardless of expression level (high or low) (Table S4) . Approximately two-times the percentage of the total number of tissue-specific, broadly expressed genes expressed at hi levels were found in clusters than in any other category (13.4% vs. 5.8% -6.4%). On the other hand, broadly expressed genes expressed at low levels had more genes per cluster in the pericentromeric region than any other category (4.5 vs. 2 -2.9) ( Table 2 ). Approximately a quarter of the clustered genes in each category were found in pericentromeric regions (24% -29%).
Very few (eight) genes that were expressed in all 14 tissues and also expressed at high levels were clustered. However, the total number of genes in this category was low and the number of clustered genes was proportional to the total number for the other categories. The physical distribution of clusters of genes across all 20 chromosomes in 100 kb bins is depicted in Figure S2 . A numerical representation of this distribution is shown in Table S4 .
Discussion
The soybean genome has been largely unexamined with regard to relationships of gene expression profiles to gene structural parameters. Our goal was to identify possible associations between transcriptional expression of genes and physical parameters of the genes and their environs. We used a whole-genome RNA-Seq analysis of soybean tissues sampled during a progression of seed developmental time points and various tissues. We found unique patterns relative to changes in physical parameters of genes with regard to expression breadth and expression intensity. At high levels of expression, introns and exons were smaller as genes were expressed across a larger number of tissues. However, this relationship was reversed in genes expressed at a low level. At low levels of expression, introns and exons were larger as genes were expressed in a larger number of tissues. In the intermediate to high expression intensity ranges, intergenic regions were smaller when expression breadth was examined on a narrow basis.
Our results provide evidence that could support previous seemingly contradictory findings. In an Arabidopsis and rice study, sequence expansion was correlated with an increase in expression intensity (Ren et al. 2006 ) whereas conversely, in humans an increase in expression intensity was correlated with sequence contraction (Urrutia and Hurst 2003) . In another Arabidopsis study, sequence contraction was correlated with an increase in expression intensity, whereas sequence expansion was correlated with an increase in expression breadth (Camiolo et al. 2009 ). The question then is how does one interconnect these contradictory findings in a meaningful manner? The answer seems to lie in a joint consideration of both intensity and breadth of gene expression. Our findings show that the total length of the exons or introns within the gene ''increases'' as expression breadth increases at low expression intensities, but at high intensities of expression, the relationship flips, such that total intron and exon length of the gene ''decreases'' as expression breadth increases. This ''flip'' is also evident in the average number of exons observed across expression breadth.
Alternative splicing may explain the different characteristics of genes at low levels of expression. Camiolo et al. (2009) proposed that exon-exon junction complexes, when placed on mRNA during splicing, imposed a post transcriptional effect which then promoted an increase in the size of the transcript and the efficiency of translation (Le Hir and Seraphin 2008) . Alternative splicing can yield isoforms that are broken down by non-sense mediated decay or other such mechanisms, which subsequently decrease the transcript count (Hillman et al. 2004 ). In our study, genes that fit into the lowest expression groups were found to have several other common features of polytypic genes. In humans, polytypic genes were found to have more exons and larger transcripts when expressed at a lower level (Wegmann et al. 2008) . In agreement with that study, our study showed that genes expressed at a low level in more tissues were found to have more exons and larger transcripts than any of the other expression categories. It is possible that those genes expressed at a low level are less inclined to be pressured by a selection for economy and are instead influenced by the demands of being polytypic. Alternatively, at high levels of expression, it may be that codon usage bias is affecting the physical properties of the genes. GC content and codon bias in Physcomitrella patens were found to be highly correlated (Stenøien 2007) . In another study, 13 species had a correlation between GC content and many of the physical properties of the genes (Zhu et al. 2009 ). In our study, genes with a higher expression intensity and a larger expression breadth had the largest GC content (Figs. 2A, 2B, 2C, and 2D) . Seoighe et al. (2005) found that Arabidopsis genes with high expression levels also had a higher GC content, which is consistent with our results. In rice, there was a stronger selective constraint on codon usage in highly expressed housekeeping genes compared to highly expressed tissue-specific genes determined by a lower synonymous substitution rate (Mukhopadhyay et al. 2008 ). In the same study, weakly expressed genes did not show a significant difference in synonymous substitution rate across expression breadth suggesting that a codon usage bias is not a likely cause of structural differences in the genes expressed at a low level. In our study, GC content increased across breadth at all expression levels, but the rate of increase was much higher in those genes expressed at a high level. The increase in GC content across expression breadth at a high expression level was approximately three times greater than the increase in GC content across expression breadth in those genes expressed at the low level. The increase in the percentage of GC content across expression level in broadly expressed genes was more than two times greater than the increase across expression level in narrowly expressed genes. At high intensities of expression, a decrease in the length of exons and introns rather than in the number of exons and introns was apparent, also suggesting a codon usage bias, which was similar to that found in Gramineae genes (Guo et al. 2007) . As the hypothesis for selection for economy suggests, genes with large transcriptional demands are prone to selection for miniaturization (Li et al. 2007 ) and codon usage bias might be the means by which the genome achieves this. Meanwhile, genes expressed at a low level are not as transcriptionally demanding, even when expressed in all tissues, making selection for the miniaturization in these genes economically irrelevant. Thus, as high percentage of GC content is positively correlated with high levels of expression in many tissues it could be suggested that a relationship occurs between expression characteristics and codon usage bias.
The bendability of the DNA and B-Z transitions, both of which promote open chromatin and active transcription, increases in GC-rich areas of the genome. Therefore, those genes with a higher GC content are more likely to be heavily transcribed (Vinogradov 2003) . The GC content in conjunction with the intronic and intergenic sequences could be manipulated by epigenetic factors in an effort to perfect chromatin-mediated suppression of tissue-specific genes and regulation of expression level (Vinogradov 2004) . If the physical properties of genes are based upon the genomic complexity hypothesis highly and broadly expressed genes should be located in regions of open chromatin at a higher frequency than those not so expressed (Vinogradov 2003) .
Conversely, genes that are less intensively and narrowly expressed would be expected to be found in the condensed chromatin regions. In this study, we found that genes expressed at the low intensities with a narrow expression breadth had a larger number of genes in clusters in the approximated pericentromeric regions: regions with more compact chromatin than genes expressed at high levels with a narrow expression breadth. Also, genes expressed at the low intensities with a broad expression breadth had more genes in clusters in the approximated pericentromeric regions than genes expressed at high intensities with a broad expression breadth. We found that genes expressed at the highest expression level in only one tissue had twice the percentage of genes in clusters than any other expression group. Identifying the correlations between the physical parameters of the individual genes, the possible role of regulation owing to nucleotide composition, and the regulatory effects of chromatin structure could have potential impacts in identifying the role of the noncoding regions. In this study, we found significant clustering and regions with multiple clusters of the same expression category that indicates possible clustering domains.
The differences in the physical parameters of genes within euchromatic regions compared with genes within pericentromeric regions, as related to expression variables suggest that the lack of recombination or chromatin structure has a strong effect on the mechanisms giving rise to the characteristics we observed in this study. As results of analyses of both datasets were consistent in the euchromatic regions, the implication is that a common mechanism is functioning in these regions. It is possible that genes in the pericentromeric regions are under different evolutionary constraints.
It is apparent that the structural parameters of plant genes are determined by more interacting forces than any single hypothesis so far proposed. The effect of expression breadth on genic size is dependent on the effect of expression intensity. This study has provided evidence in support of both the selection for economy and the genomic organization hypotheses (Vinogradov 2004) . Further analysis into the effects of splicing events and codon usage bias could provide more insight into additional fine-tuning of gene regulatory networks.
